In a previous work, we described the use of starch-based microparticles as vehicles for the controlled release of corticosteroids. The goal of the present work is to evaluate the potential of these microparticles to incorporate and release platelet-derived growth factor (PDGF). The loading efficiency and release profile were evaluated, and PDGF was incorporated into and released from the matrix of starch-based microparticles. The release profile shows rapid release of PDGF in the first 24 h, after which there was a slow but constant release for up to 8 weeks. The maintenance of the PDGF biological activity after incorporation and release was evaluated by its mitogenic effect over osteoblastic cells, and it was shown to be comparable to that of PDGF supplemented to the culture medium. This proves that the incorporation and release did not affect the biological activity of the growth factor (GF). The results clearly demonstrate that starchbased microparticles are suitable vehicles for the incorporation and release of GFs. When combined with previous results, these materials also suggest their ability to enhance the regenerating potential of tissue engineering hybrid constructs.
INTRODUCTION I
N TISSUE ENGINEERING, there has been considerable interest in the use of growth factors (GFs) to enhance regeneration and achieve faster repair of bones.
Among GFs of potential interest is the platelet-derived growth factor (PDGF). PDGF is a polypeptide dimer with a molecular mass of 30,000. A well-known mitogen for cells of mesenchymal origin, [1] [2] [3] [4] it was initially isolated from platelets but subsequently found to be synthesized by a variety of skeletal and nonskeletal cells. 5 This GF has three different isoforms, each a dimeric combination of two distinct, but structurally related, peptide chains: AA, AB, and BB. [6] [7] [8] These isoforms are differently expressed in various cell types.
They also differ in the specific binding to two cell receptors: PDGFr-a and PDGFr-b. [6] [7] [8] PDGF isoforms have been found to be mitogenic for several cell lineages, an effect apparently mediated by the mitogen activated protein (MAP) kinase pathway. 9 Bone regeneration and repair, like other tissue healing processes, involve a complex cascade of events, including chemotactic, proliferative, and maturational phases. 2 PDGF is known to act in the earlier phases, promoting cell chemotaxis
The combination of scaffold materials with cells specific for the defect site is an attractive means of creating a tissue engineering construct capable of promoting regeneration. The supplementation with GFs is intended to improve the efficacy of bone formation. 18 The GF incorporated within the matrix of the scaffold serves not only as a support material but also as a release device. Biodegradable scaffolds are most desirable for such applications, as they serve only temporarily, being replaced as new tissue is formed.
However, during processing of the scaffold, the bioactive molecules may often be inactivated by solvents or processing temperature. To avoid such limitations, we propose that a bioactive molecule (in this case, a GF) be incorporated into starch-based, biodegradable, micron-sized particles, produced at room temperature and by a simple emulsion method. As part of the new strategy, these microparticles would then be combined with a cell population (stem/progenitor cells) to form a 3-D structure. The GF released from these particles would directly target the cells at the surface of the materials, acting to enhance their proliferation and differentiation. The biodegradable nature of the starch microparticles would allow them to be replaced by newly formed tissue in the in vivo location at a later stage. This strategy will be particularly useful when using cells isolated from the patient, which are usually limited in supply.
Starch-based materials have been studied for biomedical applications, not only as scaffolds, [19] [20] [21] [22] but also as bone cements 23, 24 and microparticles. [25] [26] [27] They are found to be biocompatible in vitro [28] [29] [30] and also perform well in vivo.
31,32
Previous studies have also shown that they can support cell adhesion at their surface, as well as proliferation and expression of osteoblastic marker genes by the adhered cells. 33 Therefore, in this work, we explore the capability of starchbased microparticles to incorporate PDGF and release it in a sustained manner. We also explore their use as carriers for GFs, as starch-based microparticles have already been shown to be bioactive through formation of a calciumphosphate layer in vitro; 25 to release other biologically active molecules in a sustained way; 34 and to support cell adhesion, proliferation, and phenotypic expression of osteoblastic markers. 33 
MATERIALS AND METHODS

Materials
Synthesis of PDGF-SPLA microparticles
Briefly, and as described earlier, 25 1 g of SPLA powder was partially dissolved in 10 mL of methylene chloride for approximately 15 min. The SPLA-methylene chloride solution was then added dropwise to 200 mL of 0.5% polyvinyl alcohol (PVA) solution (molecular weight: *78,000, 87-89% mol hydrolyzed; Polysciences, Warrington, PA) and continuously stirred at a speed of 600 rpm for 3.5 h at room temperature, in order to evaporate/extract the organic solvent and harden the microparticles.
Microparticles incorporating PDGF were produced by coencapsulating PDGF with bovine serum albumin (BSA) (fraction V; Fisher Scientific, Fairlawn, NJ). BSA is commonly used as a carrier 2 for the encapsulation and protection of bioactive molecules from the harsh organic solvents that can inactivate the bioactive molecules. BSA and PDGF were mixed together at a ratio of 1:20,000 (10 mg PDGF in 200 mg BSA) and added to the SPLA-methylene chloride solution just before dropwise addition to the PVA solution.
The resultant microparticles were sieved using appropriatesize meshes into three size ranges: <40, 40-210, and 210-350 mm. The particles were washed several times with distilled water and freeze-dried.
Particles with size 210-350 mm were chosen for this study, following studies in which the same size range was used for the culture of osteoblastic cells.33 Microparticles incorporating BSA alone were also produced, to serve as controls. Throughout this study the following controls were used: (i) SPLA microparticles (empty, designated as SPLApart) and (ii) SPLA microparticles incorporating only BSA (designated as BSA-SPLApart).
Loading efficiency
The loading efficiency of PDGF was defined as the ratio of PDGF incorporated in the SPLA microparticles to the initial amount of PDGF. To this end, 20 mg of SPLA microparticles incorporating PDGF (designated as PDGF-SPLApart) was dissolved overnight in 1 N sodium hydroxide (NaOH), and PDGF incorporation into the microparticles (i.e., loading efficiency) was measured by enzyme-linked immunosorbent assay (ELISA) (as described in the section ''Release kinetics and quantification''). BSA loading efficiency in BSASPLApart was determined by the Bradford method for protein quantification (Bio-Rad, Hercules, CA), by measuring the 1260 absorbance at 284 nm on a spectrophotometer against known BSA concentrations.
Morphological characterization
Scanning electron microscopy ( Jeol 6300F; JEOL USA, Peabody, MA) was performed to examine the surface morphology of the microparticles. The lyophilized samples were carbon coated, imaged at 8 kV, and viewed at magnifications of 100Â and 300Â.
Release kinetics and quantification
Release kinetics studies were conducted to determine the temporal release of PDGF from PDGF-SPLApart. Two hundred mg of PDGF-SPLApart was placed in 15-mL conical tubes in the presence of 5 mL of phosphate-buffered solution containing 1% of a solution of antibiotics penicillinstreptomycin (designated PBS-AB). All samples were placed in an orbital shaker and agitated at 120 rpm at 378C.
At predetermined time points, 2.5 mL of the release supernatant (PBS-AB) was withdrawn and replaced with the same volume of fresh PBS-AB. The supernatant was stored at À808C until analysis. The released PDGF was quantified using an ELISA kit specific for human PDGF-BB (R&D Systems), by comparison to a standard PDGF-BB curve, according to the manufacturer's instructions. All experiments were performed at least two times.
Determination of the optimal concentration of PDGF that has a mitogenic effect over MC3T3-E1 cells Before analyzing the biological activity of the PDGF released from SPLA microparticles, it was necessary to determine the optimal concentration of PDGF that produced a clear mitogenic effect over MC3T3-E1 cells.
Several concentrations of PDGF, ranging from 0 to 50 ng/ mL, were tested beforehand on an MC3T3-E1 cell culture system. Cells were seeded in 12-well tissue culture plates (Corning, Lowell, MA) at a density of 12,600 cells/cm 2 . Twenty-four hours after cell seeding, the culture medium was removed and replaced by fresh DMEM supplemented with the following concentrations of PDGF: 0, 2, 4, 10, 20, and 50 ng/mL. After 72 h, DNA levels were measured by the PicoGreen double-stranded DNA (dsDNA) quantification kit (Molecular Probes, Carlsbad, CA). This is an ultrasensitive fluorescent nucleic acid stain for quantitating dsDNA in solution that allows to measure cell proliferation.
At the end of the experiment, the culture medium was removed and the monolayer was washed with 10Â Tris-EDTA (TE) buffer. Four hundred mL of 0.1 N NaOH was added to the wells to cause the cells to release DNA into solution. An aliquot of the DNA suspension was removed and added to 10Â TE buffer, to which was then added the PicoGreen reagent (previously prepared in 10Â TE) at a 1:1 (v/v) ratio, and fluorescence was measured in a microplate reader at 485 and 535 nm excitation and emission wavelengths, respectively. Lambda (l) DNA was used as a standard. The results were obtained from three experiments.
Evaluation of the maintenance of the biological activity of released PDGF When a molecule is incorporated inside a release system, it is vital that its biological activity is maintained throughout loading, incorporation, and release. Thus, it was necessary to determine if PDGF incorporated into the matrix of SPLA microparticles was still active after incorporation and release. To this end it was used as a culture of MC3T3-E1 cells.
After determining the minimal concentration of PDGF necessary to produce a mitogenic effect on MC3T3-E1 cells, the same experimental setting was used to test the samples and controls.
Briefly, cells were seeded in 12-well tissue culture plates at a density of 12,600 cells/cm 2 . Twenty-four hours after cell seeding, the culture medium was removed and replaced by DMEM supplemented as described in Table 1 .
After 72 and 148 h, DNA levels were measured by the PicoGreen dsDNA quantification kit (Molecular Probes), as described above. The results were obtained from three experiments.
Statistics
Results are expressed as mean AE standard deviation. Differences between experimental results were analyzed 
RESULTS
Loading efficiency
The loading efficiency was determined by subtracting the amount of the incorporated molecule (either BSA or PDGF) from the initial amount available for incorporation. Table 2 presents the values of the loading efficiencies for both BSA and PDGF.
As observed from the table, BSA incorporation is well correlated with the one for PDGF, confirming the effectiveness of BSA as a carrier/adjuvant for the incorporation of GFs, as shown elsewhere. 2 The loading efficiencies were around 17% of the initial amounts of molecules, which is a low value when compared with the loading efficiencies of these same microparticles with other bioactive agents (for instance, dexamethasone). However, works in literature incorporating PDGF make use of 3-D porous scaffolds, [35] [36] [37] using different materials and processing methods; therefore they are inadequate for comparison purposes.
Release kinetics of PDGF-SPLA microparticles
The cumulative release profile for PDGF is shown in Figure 1 . As observed there is a burst release in the first 12 h, which continues until 48 h, after which a plateau is reached. This plateau is maintained until the end of the release period (8 weeks), when small amounts of PDGF are released each day from the matrix of the starch-based microparticles.
Postrelease morphology
In order to verify the integrity of the systems at the end of the release period (8 weeks), the morphology of the microparticles was compared with the values prior to the onset of the release study, as shown in Figures 2A-C .
Comparing the particles before the release period ( Figure  2A ) and after the 8-week release period ( Figure 2B ), we can see considerable degradation after the 8-week release period. Figure 2B shows extensive formation of pores at the surface of the microparticles, and Figure 2C shows that the degradation extends to the population of particles. However, the shape of the microparticles is still maintained, with a high-porosity matrix.
Mitogenic effect of PDGF on MC3T3-E1 cells
The biological activity of PDGF released from the microparticles was assayed through the mitogenic effect of the bioactive agent over an osteoblastic cell line. Before evaluating the biological activity, it was necessary to determine the minimal effective concentration of PDGF that stimulates MC3T3-E1 cells to proliferate. Figure 3 reveals that almost all the concentrations tested, ranging from 2 to 50 ng/mL, are capable of stimulating MC3T3-E1 proliferation, except for the 50 ng/mL concentration (0 ng/mL vs. 50 ng/mL, p ¼ 0.0941). All other concentrations are able to stimulate the proliferation of cells significantly when compared to control conditions (0 ng/mL vs. 2 ng/mL, p ¼ 0.0003; 0 ng/mL vs. 4 ng/mL, p < 0.0001; 0 ng/mL vs. 10 ng/mL, p ¼ 0.0001). The most striking effect is observed at 4 ng/mL, with a 4-fold stimulus in proliferation compared to control. Based on these results, 4 ng/mL was chosen as the concentration for testing the biological activity of PDGF released from starch-based microparticles.
Biological activity of released PDGF
The effect of all tested conditions over MC3T3-E1 cells was also evaluated after 3 and 6 days of culture, in order to establish the time frame and the effect of PDGF over MC3T3-E1 cells. Figure 4 shows the DNA content of MC3T3-E1 cells for all tested conditions after 3 and 6 days of culture.
From the figure it is clear that the effect of PDGF over MC3T3-E1 cells is exerted in the first 3 days, after which all conditions attain a similar level of DNA content comparable to PDGF-treated cells.
Compared to cells fed with DMEM (Ctrl), both DMEM supplemented with the release supernatant of PDGF-SPLA microparticles (Rel PDGF) and DMEM supplemented with PDGF (Exog PDGF) significantly stimulate proliferation of MC3T3-E1 cells (Ctrl vs. Exog PDGF, p ¼ 0.003; Ctrl vs. Rel PDGF, p < 0.0001) after 3 days of culture. No differences are observed in DNA content between Rel PDGF and Exog PDGF ( p ¼ 0.8526), confirming that biological activity of PDGF is maintained through incorporation and release.
After 3 days of culture, all conditions containing PDGF-Exog PDGF, Rel PDGF, and DMEM containing PDGF-SPLA microparticles (PDGF-SPLApart)-are able to stimulate cell proliferation by up to 4-fold compared to control. For this time period, only the above conditions were able to significantly stimulate and increase DNA content of MC3T3-E1 cells (Table 3) .
After 6 days of stimulation, all conditions, with the exception of DMEM containing empty SPLA microparticles (SPLApart) and DMEM containing PDGF-SPLA microparticles (PDGF-SPLApart), display similar DNA contents when compared with cells fed with DMEM (Ctrl).
FIG. 3.
Proliferative response of MC3T3-E1 cells to various concentrations of PDGF. All concentrations showed a stimulatory effect on cells, compared to control conditions. Except for 50 ng/mL, all conditions were statistically different from the control conditions. 
STARCH-BASED MICROPARTICLES DELIVER ACTIVE PDGF
These two are the only conditions that have statistically significant differences in DNA content when compared with control cells (Ctrl) (**) and positive controls ( ), as shown in Table 4 . This result confirms that PDGF mitogenic effect is exerted over MC3T3-E1 cells at the initial stages of the culture (3 days), after which control cells (without PDGF stimulation) reach similar DNA content.
DISCUSSION
In this study, we evaluated the incorporation of PDGF in the matrix of starch-based microparticles and posterior release. We also monitored the effect of released PDGF over cells of the osteoblastic lineage. The B isoform of PDGF was chosen because it has a greater mitogenic and chemotactic potential than PDGF-A, as well as a higher affinity to bone matrix. 4, 13 The loading efficiency for PDGF (Table 2) , compared with those of other systems described in the literature, is rather low. 2, 38, 39 However, in many of those systems the biological activity of the loaded GF is reduced during processing of the material, either by the action of organic solvents or by the inactivation of temperature. The system herein has the advantage that it is processed at room temperature and only a residual amount of organic solvent is used, therefore minimizing the risk of GF inactivation. Incorporation of PDGF into starch-based microparticles with BSA as a protecting agent 2 might increase the half-life of GF (which is very short when injected free), thereby compensating the rather low loading efficiency. Although only 17% of the initial amount of the GF is loaded (which will be the subject of further optimization), the amount of GF acting on the cells can be controlled by the amount of microparticles to be incorporated into the hybrid construct. Other systems in literature present higher loading efficiencies; however, when tested for their cytotoxicity, they were found to be toxic over cells in culture, even when the cells were challenged with dilutions of leachables from the materials. 40 For other systems, microparticles made of PLGA incorporating PDGF were combined with nanofibers in an attempt to control the release of the GF and to create a scaffold at the same time. 41 This is a very interesting strategy, and the authors show by radioactive labeling that the biological activity of the GF is maintained. However, they do not demonstrate the same activity using a cell culture system. 41 Biodegradable polymers normally display three release phases 42, 43 : (i) a burst or initial period of rapid diffusion of drug located close to the surface of the polymer; (ii) a period of slow release, during which the polymer is gradually hydrolyzed in bulk; and (iii) a final release phase during which the polymer is solubilized in the aqueous environment. In our previous work, we tested the ability of starch-based microparticles to incorporate and release corticosteroids. 34 We found that the release mechanisms for these systems are controlled in the initial stages by penetration of water into the structure of the microparticle, allowing the incorporated molecule to diffuse to the solution. The water uptake profile of these materials shows that the penetration of water and hence the swelling of the particles reaches 350% of the particles' weight in a few hours of immersion. 34 Therefore, the release of the incorporated molecules is modulated in the initial stages by the water uptake, which causes the initial burst release observed for the first 24 h. At later stages, the degradation of the material also plays a role in the release of the incorporated molecule. For starch-based microparticles, by 2 weeks the material had lost 20% of its weight, 34 which may be accountable for the release at posterior stages. In the present work, the release profile observed for the tested time period comprises the first two of the release phases typical for biodegradable polymers, as evidenced by the (i) burst release in the first 12 h and (ii) a slow release, due to polymer degradation, as evidenced by the morphology at 8 weeks of release. The release profile (Figure 1) shows that the release of PDGF from starch-based microparticles is controlled by diffusion of the GF in the initial stages. While this is considered a drawback for many controlled release applica- tions, in this particular case, for PDGF in bone applications, it might be advantageous. Hsieh and Graves showed that pulse release of PDGF enhances the formation of mineralized matrix in vitro, while continuous application is inhibitory. 44 PDGF is a potent mitogen and chemotactic agent for cells of the mesenchymal lineage, in which bone cells are included, and since proliferation and differentiation are seen as relatively uncoupled and sequential processes, it is considered to be the first-phase effector in bone. 13 In this role it stimulates and recruits cells to the site in the initial stages, after which it does not seem to play a leading role in cell fate and commitment, the latter attributed to other effectors, such as bone morphogenetic proteins. In the light of these findings, the present release system can deliver PDGF in a burst to stimulate cells to migrate and expand in numbers to the defect site (in vivo) or in the hybrid construct (in vitro) and then maintain low delivery levels that will not impart the next phase of repair (maturation/differentiation). The release profile shows that after the burst release, starting at day 2, reduced levels of PDGF are released from the microparticles. Comparing with Figure 3 , where 4 ng/mL exerts a significant effect over MC3T3-E1 cells, the fact that low amounts of GF are released up to 8 weeks will not impart cell commitment to the osteoblastic lineage.
In the present study, when determining whether PDGF incorporation in and release from starch-based microparticles would have a deleterious effect on the biological activity of the GF, it was found that the mitogenic effect of PDGF released from PDGF-SPLA microparticles was comparable to that of PDGF used to supplement DMEM culture medium (Exog PDGF). BSA has been used extensively as an adjuvant for the loading of GFs, 2, 18, 45 to protect them from the harsh organic environment encountered during processing steps. In the present study, BSA as an adjuvant protected PDGF from methylene chloride used in the production of the microparticles. Overall, the incorporation into starch-based microparticles together with BSA would allow for the increase in the half-life of the GF, compared with the one for free GF (nonincorporated).
When comparing the effect of all conditions on the DNA content of MC3T3-E1 cells at day 3 of culture ( Figure 4) , the following should be highlighted:
1. The presence of PDGF significantly stimulates an increase in the DNA content when compared with the control (cells fed with DMEM culture medium [Ctrl]). 2. All other conditions seem to stimulate to some extent the DNA content of MC3T3-E1 cells. This effect, however, is not as remarkable as the one observed for PDGF-containing conditions. 3. Starch-based microparticles also seem to exert a positive effect over MC3T3-E1 cells, as evidenced by the result for empty SPLA microparticles (SPLApart).
We have shown before that 24 h leachables from SPLA microparticles are not toxic for MC3T3-E1 cells, as evidenced by the similar viability values as control conditions, but we do not possess enough data to support the hypothesis that degradation products from starch-based microparticles could have a stimulatory effect over the cells. At 6 days of culture, control cells reach similar DNA content compared to all other conditions, except for cells fed with DMEM culture medium containing PDGF-SPLA microparticles, which display a statistically significant increase in DNA content. MC3T3-E1 cells treated with empty SPLA microparticles (SPLApart) at day 6 of culture also present a statistically significant increase in DNA content compared to control. Since in these conditions there is an addition of microparticles to the DMEM culture medium fed to cells, we hypothesize that upon quantification, leachables from the microparticles are released into the culture medium, therefore interfering with the measurements of DNA content. However, as stated before, of primary and greater importance is the mitogenic effect of PDGF over MC3T3-E1 cells observed for 3 days of stimulation.
Cells treated with PDGF showed, besides enhanced proliferation, a fibroblast-like morphology (data not shown), in agreement to what was observed by Hsieh and Graves. 44 However, the authors also report that this display of fibroblastic morphology does not impart the formation of a mineralized matrix, since cultures treated with PDGF for 3 days and then transferred to new plastic dishes exhibited a 70% increase in mineralized nodule area compared to controls. 44 These results predict that multiple, brief exposures to PDGF would enhance bone formation in vivo, while prolonged exposure to PDGF, which is likely to occur in chronic inflammation, would inhibit differentiated osteoblast function and limit bone regeneration. 44 This being the case, the use of this specific GF should be limited to small time periods, up to 3 days. As such, the system presented herein might be very useful in stimulating proliferation and expansion of cell number for tissue engineering applications. The present work is part of a global strategy where we aim to use this system for multiple tasks, namely to serve as substrates for the culture of cells (in dynamic conditions, such as those found in a bioreactor system) but also as carriers for biologically active agents that, upon release, can stimulate cells adhered at their surface to proliferate and/or differentiate. 33 As these materials have proven to be capable of supporting cell attachment, growth, and expression of osteoblastic markers, we tested in this paper the ability of the same microparticle systems to act as carriers for PDGF. Although the incorporation efficiency is low, we believe that the biodegradable nature of starch-based materials, their biocompatibility (as shown in other works by our group) as well as the defined release profile, and the fact that the GF activity is not destroyed during the processes make this material a good candidate as a carrier for biologically active agents.
Platelets are known reservoirs of several GFs, and among them PDGF is predominant. GFs within the platelet-rich plasma are believed to mediate normal bone healing and regeneration. 46 Several works have shown that platelet extracts can be applied to stimulate bone cells to proliferate. [47] [48] [49] [50] STARCH-BASED MICROPARTICLES DELIVER ACTIVE PDGF Bearing this in mind, rather than using a purified GF (with a high cost), an effective strategy could be to incorporate platelet extract obtained from the patients' own platelets into the above proposed carriers. This could further increase the effectiveness of the system in tissue engineering applications.
Current tissue engineering strategies involve scaffold materials and cells. We have been proposing, in a ''3-in-1'' strategy as described above, to use starch-based microparticles to act simultaneously as (i) biodegradable scaffold materials; 27 (ii) carriers for cells; 33 and, as shown in the present work, (iii) carriers for the incorporation and release of bioactive agents such as GFs.
CONCLUSIONS
In bone tissue engineering, the combination of materials possessing adequate properties (such as biocompatibility, osteoconductivity, physical and chemical properties) with site-specific cells has the potential to become a very successful means of repair. If these properties are coupled with the ability to entrap and release stimulatory molecules such as GFs with a defined temporal profile, the advantages of such a system would be several-fold.
The ability of starch-based microparticles to incorporate, release, and maintain the biological activity of PDGF was described. The release of bioactive agent occurred at greater amounts in the initial time periods (up to 3 days), when stimulation of MC3T3-E1 cell proliferation was highest. MC3T3-E1 cells were markedly stimulated to proliferate upon supplementation with PDGF, both exogenous and released from starch-based microparticles, confirming the mitogenic effect of this GF upon cells of the osteoblastic lineage and the maintenance of its biological activity after incorporation and release. After the release period extensive degradation of the microparticles was observed, but they were still able to maintain their 3-D structure.
Combined with biocompatibility, cell adhesion properties, and biological activity, the ability to release active GFs sustains the potential of starch-based microparticle systems to be used in bone tissue engineering applications.
